Genetic analysis of mouse mutants has demonstrated the importance of the homeobox genes Rpx, Lhx3 and Pit1 for anterior pituitary gland development. Pit1 mutations have also been identified in several human families with multiple pituitary hormone deficiencies. To identify additional homeobox regulators of pituitary development, we screened an adult pituitary gland cDNA library for homeobox sequences. Here, we report the identification of a novel 6/co/d-related homeodomain gene expressing two alternatively spliced mRNA products, which encode proteins of 271 and 317 amino acids, respectively. The proteins have been named Ptx2a and Ptx2b since they are highly related to Ptx1/P-OTX. Ptx2 is expressed in both developing and adult pituitary gland, eye and brain tissues, suggesting an important role in development and maintenance of anterior structures. Ptx2 was mapped close to Egf on mouse chromosome 3, in a region having extensive synteny homology with HSA 4q. These data make the human Ptx2 homologue a candidate gene for Rieger syndrome, an autosomal-dominant disorder with variable craniofacial, dental, eye and pituitary anomalies.
INTRODUCTION
Remarkable progress has been made in recent years towards identifying the genes regulating development and placing them into genetic hierarchies. A fundamental tenet to emerge from this work is the central role mediated by homeobox genes, which encode transcription factors that bind to cognate DNA sequences through their conserved homeodomain regions (1) . In Drosophila, mouse and man, the clustered Hox genes are expressed in overlapping patterns that impose a Hox code which specifies regional and positional identity within the hind brain and trunk regions of the developing embryo (2) . However, genes within the Hox clusters are not expressed anterior to the hind brain (1) . A small number of non-clustered homeodomain genes with more anterior expression patterns have now been described, including the Drosophila genes Distalless (3), orthodenticle (4) , and empty spiracles (5) and their vertebrate homologues Dlxl and -2 (6-9), Otxl and -2 (10, 11) , and Emxl and -2 (11) . Like other homeobox genes, these genes exhibit overlapping but regionallyspecific gene expression that likely conveys positional information during the development of anterior head structures (12) . The ongoing identification and analysis of novel homeobox genes with anterior expression patterns is crucial for understanding the basic units of organization of the mammalian brain and face.
The central role of homeobox genes in development makes them excellent candidate genes for growth and birth defects. Already, mutations in several homeobox genes have been identified as the molecular defects in several human anomalies, including PAX2 (renal-coloboma syndrome), PAX3 (Waardenberg syndrome type I), PAX6 (aniridia), MSX1 (selective tooth agenesis), MSX2 (craniostynostosis), HOXDJ3 (limb deformities), and PIT I (hypopituitarism and combined hormone deficiencies) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Several of these genes were initially identified and characterized in the mouse (22, 23) .
Formation of the anterior and intermediate lobes of the pituitary gland initiates at embryonic day 8.5 (e8.5) in the mouse and begins with the appearance of Rathke's pouch, an invagination of oral ectoderm derived from the most anterior ectoderm of the early embryo (24) . The mature anterior pituitary gland is populated by five neuroendocrine cell types, each defined by the hormone (s) produced: corticotropes, adrenocorticotropic hormone (ACTH); thyrotropes, thyroid-stimulating hormone (TSH); gonadotropes, follicle-stimulating hormone (FSH) and luteinizing hormone (LH); somatotropes, growth hormone (GH); and lactotropes, prolactin (PRL). Each of these cell types differentiates in a temporally and spatially regulated manner (25, 26) . The appearance of the mature cell types occurs during the later half of development, from el3.5 to 17.5 in the mouse (26) . However, analysis of gene expression in spontaneous and induced mutants reveals that specification of a common precursor to the thyrotrope, somatotrope and lactotrope lineages has occurred by el2.5 (27) . Thus, critical decisions leading to cell lineage specification and proliferation occur early during pituitary ontogeny.
Recent genetic evidence demonstrates that at least three homeobox genes mediate crucial roles in pituitary gland ontogeny. Rpx (Rathke's pouch homeobox) represents the earliest known molecular marker for the incipient pituitary gland (28) and correct regulation of Rpx expression is essential for proper Figure 1 . The nucleotide sequence of Ptx2 mRNA isoform B (Ptx2b) and the 317 amino acid protein product are shown (A). The homeobox is shaded. The smaller isoform, Ptx2a, lacks a 138 bp insert that encodes 46 amino acid residues near the N-terminus (boxed region) resulting in a 271 amino acid protein. The two isoforms are depicted diagramatically (B). Another difference between the two cDNA clones is the presence of 18 nucleotides (5'-GAGAGAGAGTGCGAGACC) at the 5' terminus that were not present in Ptx2b (•). The start codon, consensus nuclear localization signal (NLS), and homeodomain (shading) are indicated. Ptx I is compared with Ptx2b to illustrate regions of identify (black) and non-identity (white). Primer sequences used for analysis of mRNA expression and for genetic mapping are indicated in (A) (solid underline and dashed underline, respectively) and (B) (arrowheads). E, £coRI. GenBank accession numbers U80010 and U80011.
ontogeny of the thyrotrope, somatotrope and lactotrope lineages (27) . Lhx3 encodes a LIM-type homeodomain protein that is essential early during pituitary ontogeny for maintenance and survival of Rathke's pouch (29) . Phi is required for differentiation and proliferation of the thyrotrope, somatotrope and lactotrope lineages (30,31)-Mutations in PIT1 have been identified in several human families with growth defects and multiple pituitary hormone insufficiencies (20, 21, 32) .
During a screen for novel homeobox genes expressed within the adult pituitary gland, we identified a novel homeobox gene, Ptx2. The expression of Ptx2 in fetal and adult mice suggests a role for Ptx2 during ontogeny of the pituitary gland and other anterior structures, including the eye.
RESULTS

Isolation of cDNA clones containing Ptx2
The peptide WFQNRR, within helix 3 of the homeodomain, is highly conserved within all homeodomain proteins (1) . A degenerate antisense oligonucleotide primer encoding this peptide was designed and used together with a sense vector-specific primer in a PCR-based screen to clone novel homeobox-containing sequences from an adult mouse pituitary cDNA library in ^.gtll. Two independent clones were obtained which encode the 5' end of a novel homeobox gene. Phage clones containing additional cDNA sequence from this gene were purified from the library using a PCR-based screen with gene specific primers designed from the partial cDNA clones. Inserts from purified phage clones were subcloned into pBLUESCRTPT and their nucleotide sequences determined. DNA sequence analysis of distinct phage clones revealed the existence of two cDNA isoforms for this putative pituitary transcription factor (Fig. 1 ). The isoforms, designated Ptx2a and Ptx2b, differ in two respects: the larger isoform, Ptx2b, includes a 138 bp insertion within the coding region that is not present in Ptx2a, and Ptx2a includes 18 nucleotides at the 5' end that are not present in Ptx2b. Analysis of genomic DNA demonstrated that the 138 bp insertion in Ptx2b results from the inclusion of a single alternatively spliced exon (data not shown). The presumed initiation codon for the two proteins is the first AUG from the 5' end of the mRNA. It matches the Kozak consensus sequence (33) well, with a G at both positions -3 and +4 relative to the A, and is immediately preceded by an inframe stop codon. The other two reading frames contain multiple stop codons. The proteins predicted by the nucleotide sequence of each cDNA isoform contain a homeodomain. The alternatively spliced exon results in a 46 amino acid insertion within the N-terminus of the protein encoded by Ptx2b. Thus, the two protein isoforms are 271 and 317 amino acids in length.
Comparison of the novel proteins with other proteins revealed a high degree of similarity to the recently described mouse pituitary transcription factor, Ptx] (gene symbol: Pitxl, also known as P-OTX) (34, 35) . This similarity was the basis for naming the 271 and 317 amino acid protein isoforms Ptx2a and Ptx2b, respectively (gene symbol: Pitx2). The Ptx2 homeodomain is 97% identical to the homeodomain of Ptxl, differing by only two substitutions (Fig.  2) . The similarity with Ptx 1 extends beyond the homeodomain to the respective C-termini of the proteins, where there is 67% overall identity (Fig. 2B) . N-terminal to the homeodomain there is no identity with Ptxl or any other proteins in the database. Further DNA sequence comparisons by BLAST analysis (36) using the non-repetitive and DBEST databases (11/26/96) revealed one unpublished mouse EST that represents a partial clone of Plx2b and several unpublished human ESTs that probably represent human Ptx2 homologues.
Ptxl and Ptx2 define a new subfamily within the paired-\\ke class of homeobox genes. These proteins differ from the canonical members of the PRX superfamily in that they lack a second DNA-binding domain, termed the paired box, N-terminal to their homeodomains (37) . While most prd-like genes encode a glutamine at homeodomain residue 50, the Ptx2 homeodomain contains a lysine at this position ( Fig. 2A) (37) . Homeodomain residue 50 is a critical determinant of DNA-binding specificity and a lysine at this position predicts that Ptx2 will bind a bicoid-like ds-acting DNA sequence (38, 39) . Both Ptx2 isoforms also have consensus basic nuclear localization signals immediately N-terminal to the homeodomain ( Fig. 1) (40) . The observation that the C-termini of Ptxl and Ptx2 share discrete regions of identity (Fig. 1, nucleotides 990-1324 ).
suggests that these domains share a similar function, but there are no obvious functional motifs. The highly divergent N-terminal domains may confer unique functionality to each protein.
Expression of Ptx2 in fetal and adult pituitary gland
RNA was isolated from Rathke's pouch at embryonic day 13.5 (el3.5), adult pituitary gland and pituitary cell lines representing prethyrotropes (aTSH), pregonadotropes (ocT3-l), somatomammotropes (GH3 and GH4), and corticotropes (AtT20). Using primers that bracket the alternatively spliced exon (Fig. 1) , Ptx2 expression in these tissues was assessed by RT-PCR. Ptx2 was expressed within the nascent pituitary gland by el3.5 and in the adult pituitary gland (Fig. 3) . Ptx2 was also expressed in the aTSH, aT3-1, GH 3 and GH4 cell lines. No Ptx2 transcripts were detected in the corticotrope (AtT20) cell line (Fig. 3) . The lack of Ptx2 expression in the AtT20 cell line confirmed the specificity of the RT-PCR assay since Ptxl is highly expressed in these cells (34) . Generally, the 388 and 526 bp products specific for mRNA isoforms A and B were detected in each tissue or cell line where Ptxl is expressed. All of the cell lines used are derived from mouse except the GH3 and GH4 cell lines which are derived from rat (41) . Therefore, the reduced signal in the GH3 and GH4 cells could result from less efficient amplification due to divergence of the mouse and rat Ptxl sequences. No products were observed when reverse transcriptase was omitted from the first-strand synthesis reactions or when PCR amplifications were programmed with genomic DNA (data not shown). Detection of the hypoxanthine phophoribosyl transferase (Hprt) gene product was used as a positive control for all samples except GH3 and GH4, which apparently do not express Hprt (Fig. 3 ). For these, detection of c-abl (Fig. 3) or PitI (data not shown) transcripts served as positive controls. These data demonstrate that Ptxl expression is activated early in pituitary development and that expression is maintained in the adult pituitary gland. Expression within the anterior pituitary gland is specific to cell lines representing the thyrotrope, gonadotrope and somatotrope lineages, suggesting that Ptx2 may be important for differentiation or maintenance of these anterior pituitary cell types.
Ptxl is expressed in anterior structures in addition to pituitary gland
The breadth of Ptxl expression within a panel of adult tissues was assessed by both RT-PCR and Northern analysis. In addition to the adult pituitary gland, Ptxl expression was observed by RT-PCR in adult brain, eye, kidney, lung, testis and tongue (Fig.  4, left panel) . Both mRNA isoforms were detected wherever Ptxl was expressed. The smaller 388 bp product derived from isoform A was generally more abundant than the 526 bp product derived from isoform B (Figs 3 and 4) . Northern analysis of adult tissues confirmed the presence of Ptxl transcripts in brain, kidney, lung, testis and skeletal muscle (Fig. 4, right panel) . Eye tissue was not examined by Northern blot analysis. No Ptxl expression was observed in the adrenal gland, liver, ovary or pancreas by either assay (Fig. 4) . Transcripts of 2.0 and 2.15 kb were observed in brain, lung, skeletal muscle, kidney and testis (Fig. 4, right panel) , which correlate well with the sizes predicted from the cloned 1.8 and 1.9 kb cDNA isoforms with -200 nucleotides of poly A sequences (Fig. 1) . A third transcript of -2.55 kb was detected in kidney and skeletal muscle and a fourth form of 1.65 kb was present in testis (Fig. 4, right panel) . While we cannot exclude cross-hybridization with related sequences, the probe used does not contain the homeobox and the nucleotide sequence is not highly homologous to Ptxl. Thus, four distinct Ptxl transcripts exist, and some transcripts are tissue specific. The time-course of Ptxl expression in embryonic head tissue was surveyed by RT-PCR. The Ptxl transcripts were detected as early as e8.5 and continued through postnatal day 0.5 ( Fig. 5) . Both isoforms A and B were detected at all time points examined. Thus, Ptx2 is activated early, when critical developmental Ptx-2 HPRT Figure 5 . Expression of Ptx2 isoforms in embryonic head. RNA was prepared from e8.5 embryos and isolated embryo heads at selected time points from e9.5 through postnatal day 0.5 (p0.5). These samples were surveyed by RT-PCR for Ptx2 expression. Ptx2 amplification products of 526 and 388 bp were detected in all samples except H2O. Hprl expression was used as a control for each reaction set.
product from genomic DNA using primers specific for the Ptxl 3'-UTR (Fig. 1) (Fig. 6 ). These four genes each map to human chromosome 4q, defining a region of synteny homology between MMU 3 and HSA 4q. Thus, we predict that the human Ptxl homologue will be located on HSA 4q. decisions contributing to determination of body plan and organogenesis are being made.
Genetic mapping of Ptx2 on mouse Chr 3
A single-strand conformational polymorphism between C57BL/6J and M.spretus was identified after PCR amplification of a 235 bp
DISCUSSION
We report the isolation and initial characterization of a novel murine b/co/d-related homeobox gene that is expressed in the fetal and adult pituitary gland. This gene has been named Ptxl due to the close relationship of its homeodomain (97% identity) and C-terminus (67% identity) with the recently described pituitary homeodomain transcription factor, Ptxl (34, 35) . Ptx I and the two Ptx2 isoforms define a new subfamily of Wco/d-related homeodomain proteins. Coexpression of Ptxl and Ptxl in fetal and adult pituitary gland suggests that members of this gene family may have complementary functions in the development and function of this tissue, similar to the central role mediated by Paxl and Pax6 in eye development (23) . Ptxl is expressed in the thyrotrope, gonadotrope and somatotrope lactotrope cell lineages, but not in corticotropes where Ptxl is expressed (34) . Ptxl activates Pome transcription and may be required for Pome expression in corticotropes {Pome encodes the peptide from which ACTH is cleaved in corticotropes) (47^49).
Ptxl may be determinative for one or more of the anterior pituitary cell types. Alternatively, Ptx2 may function by acting in concert with other transcription factors such as Pit-1 (50,51). Pit-1 is necessary but insufficient for specifying the unique identities of thyrotropes, somatotropes and lactotropes (51) . Interestingly, the minimal promoters required for tissue-specific expression of the Gh (52) and Prl (52) promoters in somatotropes and lactotropes, respectively, each contain bicoid-Wke DNA sequences. In addition, a bicoid-\\ke target sequence is present in the minimal cell-specific promoter required for expression of the a-subunit gene in thyrotropes and gonadotropes (53) . Each of these promoters can be synergistically transactivated by Pit-1 and Ptxl in heterologous cells (35) . However, Ptxl expression has only been demonstrated in the corticotropes of the pituitary gland (34) . The expression of Ptxl in these cell types suggests that Ptx2 isoforms may be the true partners of Pit-1 in tissue-specific activation of these promoters. Thus, the expression of Ptxl, Ptxl, Pitl and other genes in unique combinations may exert a combinatorial code that regulates the ontogeny of the different anterior pituitary cell types.
Comparison of Ptxl and Ptx2 reveals regions that are highly conserved as well as several significant differences in the proteins and the expression patterns of the genes. Sequence conservation within portions of the respective C-termini suggests that these regions have similar functions, such as interacting with related proteins. Both C-termini are enriched in proline, serine and threonine, consistent with a transcription activation function. However, the Ptx2 proteins and Ptx 1 are completely divergent within their N-termini. Moreover, Ptx2b differs from Ptx2a by the inclusion of 46 unique amino acids near its N-terminus. If the N-termini of each protein are involved in protein-protein interactions, then they are likely to interact with quite distinct sets of accessory proteins. Finally, Ptx2 is expressed in the adult brain, eye, kidney, lung, testis and tongue. Ptxl transcripts are specific for the adult pituitary gland and intestine (34) , and embryonic expression data suggest that Ptxl is not expressed in several tissues that exhibit strong Ptx2 expression, including the eye and the brain (35) . Thus, Ptx2 and Ptxl appear to have distinct but overlapping expression patterns.
Ptx2 expresses distinct mRNA isoforms by virtue of alternative mRNA splicing. In addition, Northern analysis suggests that four sizes of transcripts are expressed in some tissues. The developmental and functional significance of alternative splicing of the Ptx2 transcript remains to be determined. Distinct protein isoforms may interact with distinct protein partners or have different DNA binding affinity for homeodomain target sequences.
The Wco/rf-related family of homeobox genes includes the Drosophila genes orthodenticle (otd), vertebrate homologues, Otxl and Otx2, and the vertebrate genes goosecoid (gsc) and Ptxl (4, 10, 11, 34, 35, 54) . Each gene has an anterior expression pattern, and mutation analyses in fly and mouse have demonstrated that Wco/d-related homeobox genes are generally required for anterior structure formation (12) . In this regard, it is interesting to note that the localization of Ptx2 on mouse Chr 3 in a region of extensive synteny homology with human Chr 4q predicts that the human homologue to Ptx2 will map very near EGF on HSA 4q. Rieger syndrome has recently been fine mapped to this location in some pedigrees (55) . Rieger syndrome is an autosomal dominant condition with variable manifestations (56) and locus heterogeneity (57) . The predominant feature is a heterogeneous eye malformation, anterior chamber dysgenesis (58) . However, patients may also exhibit dental abnormalities, mental retardation and pituitary alterations (56) . The documentation of pituitary growth hormone insufficiency in a subset of affecteds (56) is particularly interesting in light of the hypothesized role for Ptx2 in activation of the Gh gene. RT-PCR (Fig. 4) and preliminary in situ hybridization (data not shown) demonstrate Ptx2 expression in the adult eye. The correlation of the Ptxl expression pattern in the mouse with the human patient abnormalities in brain, eye and pituitary gland augments the genetic mapping data that implicate PTX2 as a candidate gene for Rieger syndrome.
The homeobox gene Ptx2 has been identified as a potential developmental regulator of the anterior pituitary gland and other anterior structures. Ultimately, generation of a targeted disruption mutation will be required to determine the role of Ptx2 in pituitary development and to assess its interaction, if any, with the other homeobox genes, Rpx, Lhx3, Ptxl and Pitl, in establishing the positional identity of precursors to the five major anterior pituitary cell types.
MATERIALS AND METHODS
Animals and embryos
CD-I mice (Charles River; Wilmington, MA) were used for the isolation of all adult and fetal tissues. The timed pregnancies were based on the presence of a copulation plug and designated as embryonic day 0.5 (e0.5).
These experiments were approved by the University of Michigan Committee on Use and Care of Animals (AAALAC accredited, Animal Welfare Assistance no. A3114-01) and all mice were housed and cared for according to NIH guidelines.
PCR amplification of homeobox-containing sequences
A ^gtll adult pituitary cDNA library containing 1 x 10 6 recombinants was obtained as a gift from J. Hoeffler (Invitrogen, San Diego, CA). DNA from 3 x 10 6 plaques was isolated by the rapid plate lysate method (59) and screened for homeodomain sequences by vector-insert PCR. Primers used were a A.gt 11 sense primer (5'-GATCGCGGCCGCGGTGGCGACGACTCCTGGA-GCCCG) and a degenerate antisense primer (5'-CTAGGCGGCC-GCGCICKICKRTTYTGRAACCA) (IUPAC code, I = inosine) targeted at the coding sequence for the highly conserved peptide, WFQNRRA, within helix 3 of the homeodomain (Fig. 1) . Amplification reactions contained 10 mM Tris-HCl pH 8.3, 50 mM KC1,2 mM MgCl 2 ,0.001% (wt/vol) gelatin, 0.2 mM each dNTP, 0.5 mM of each primer (University of Michigan DNA Synthesis Facility), 1-200 ng of isolated X library genomic DNA as template and 1-2 U Taq DNA polymerase. Products were amplified during 30 cycles of 94°C/1 min, 50°C/2 min and 72°C/2-3 min (2 s extension/cycle). Phenol-extracted reaction products were ligated into pBLUESCRIPT KS" (Stratagene) at the £coRV site which had been modified by the T-tailed method (60) . Inserts of resulting transformants were sequenced and those containing homeobox sequences were identified using BLASTN (36) .
The nucleotide sequence from the initial clone was used to generate /^-specific primers (5'-GATCCCCGCAGTTCCAC-CCAGAC and 5'-ACCCGGACTCGGGCTTCCGTAAGG, Fig.  1 ) for use in purifying Ptx2 phage clones from the adult pituitary cDNA library. Inserts from purified clones were subcloned into pBLUESCRIPT KS~ as £coRI fragments and resulting inserts were sequenced using both vector and Ptx2 specific primers. Multiple isolates of each clone were sequenced in both directions. Phage DNA was also sequenced across the EcoRl sites. Sequence files were assembled into complete cDNAs using Assembly-LIGN (Eastman Kodak, Rochester, NY).
Detection of Ptx2 expression
Pituitary cell lines were obtained from P. Mellon (aTSH, aT3-1) (UCSD, San Diego, CA) and A. Seasholtz (GH3, GH4, AtT20) (University of Michigan, Ann Arbor, MI). Cells were grown according to the recommended conditions (41, (61) (62) (63) . RNA was isolated in Trizol as specified by the manufacturer (Gibco/BRL, Bethesda, MD).
Tissues were isolated and frozen on dry ice prior to storage. Embryos were removed from pregnant mothers and dissected free from extra embryonic tissues prior to decapitation. RNA was isolated in Trizol as specified by the manufacturer (Gibco/BRL, Bethesda, MD). First strand cDNA synthesis reactions were performed on 1-2 \x.g total RNA using Superscript II reverse transcriptase (Gibco/BRL, Bethesda, MD) as described by the manufacturer. Reactions containing no reverse transcriptase (RT~) served as negative controls. Amplification reactions were performed as above, except they were programmed with 1/10 volume of first strand synthesis reactions, with or without reverse transcriptase. For each gene, primers sets were designed to amplify across introns to ensure that no product would be detected in amplifications programmed with RT~ control reactions. Ptx2 primers used were as noted above. Hprt (5'-gctggtgaaaaggacctct, sense; CACA-GGACTAGAACACCTGC, antisense) and Abl (5'-TTTATGGG-GCAGCAGCCTGGAAAAGTACTTCGG, sense; 5'-TCACTG-GGTCCAGCGAGAAGGTTTTCCTTGGAGTT) were designed from published sequences (64) .
A Northern blot filter was purchased from CLONTECH Laboratories, Inc. (Palo Alto, CA and probed with a 32 P-labeled EcoRl fragment from Ptxl (Fig. 1) . After washing to high stringency, the filter was placed on a Phosphor screen (Molecular Dynamics) for 2.5 days.
Genomic mapping of Ptx2
The BSS interspecific backcross panel, (C57BL/6J x Spret/Ei) F, x Spret/Ei, was purchased from Jackson Laboratories (Bar Harbor, ME). A 235 bp segment of the Ptx2 3'-UTR was amplified with the following primers: 5'-TGTCGGAGTGGG-CAACTCTG, forward; 5'-CAGAGTTGCCCACTCCGACA, reverse. Primers were end-labeled with 32 P as described previously (59) . Products were amplified for 30 cycles (94°C/30 s, 60°C/30 s, 72°C/1 min), denatured, and fractionated by electrophoresis through 6% MDE polyacrylamide gels at room temperature (FCM BioProducts, Rockland, ME; Stock no. 50620). Bands were visualized by autoradiography. The Ptxl genotypes for 94 backcross progeny were submitted to The Jackson Laboratories for interpretation.
